3
polymer:fullerene solar cells is ~ 11%. 11 Other reports also predict that for power conversion efficiencies exceeding 10%, the donor polymer should have a band gap below 1.74 eV. 12 However, although several lower band gap polymers have been proposed for photovoltaic applications, 1325 the highest reported power conversion efficiency was merely ~ 2.2% 17, 18, 20 to ~ 3.2% 21, 22 which is lower than that of P3HT:PCBM cells. Obviously, there are a number of possible approaches to develop a polymer with electronic properties which have been identified as favourable by theoretical predictions. Yet limited success has been achieved with polymers based on polyfluorene, 1216,18,23 benzothiadiazole, 24 or thiophene derivatives. 17, 19, 22, 25 One possible approach which has not been commonly explored involves the use of organometallic polymers. Although organometallic donor materials are commonly used in smallmolecule solar cells, 26, 27 soluble -conjugated organometallic polyyne polymers have rarely been used in high-performance polymer solar cells.
2830
The maximum photocurrent quantum efficiencies in single-layer neat platinum polyyne cells were ~ 0.041%, 28, 31 while quantum efficiencies of ~ 12% could be achieved for these cells with the addition of 7 wt.-% of C 60 . 29 More recently, an external quantum efficiency of ~ 9% has been achieved in bulk heterojunction cells using the metallopolyyne:PCBM composite, resulting in a power conversion efficiency of 0.27%. 30 The polymer absorbed only in the blue-violet spectral region with a maximum efficiency at 400 nm, and consequently the efficiency was low due to low coverage of the solar spectrum, although the photoinduced charge separation in the blend involved the triplet state of the organometallic polymer. 30 Obviously, the photovoltaic application of this type of materials is hampered by their wide band gaps, and possibly unfavourable energy levels and charge transport properties for forming efficient blends with PCBM. While polymetallaynes of the type trans-
[Pt(PR 3 ) 2 -CC-R-CC] n (R = carbocycles, heterocycles, main group elements, etc.) have aroused much attention for use in optoelectronic devices, 28 ,3133 most of these platinum (II) polyynes are usually characterized by relatively large band gaps,
3437
which compare unfavourably with those of some conjugated organic polymers comprising alternating electron donor (D) and acceptor (A) units (< 1 eV). 38, 39 However, successful strategies for creating narrow-band gap metallopolyynes involving the construction of D-A type systems are very scarce. 31, 40 As a promising step towards our goal in designing metal polyynes of small band gaps, we have exploited 4,7-di-2'-thienyl-2,1,3-benzothiadiazole as a core component to create a new -conjugated system with extended absorption that features unique D-A characteristics. The novel platinum metallopolyyne is based on planar conjugated segments with internal D-A functions between electron-rich Pt-ethynyl groups to achieve a low-band gap material (ca. 1.85 eV).
The synthesis of new platinum(II) polyyne polymer P1 and its discrete model compound M1
is shown in Scheme 1. They were prepared by the Sonogashira-type dehydrohalogenation reaction between L 1 and the platinum chloride precursors. 37 P1 was purified by silica column chromatography and repeated precipitation, leading to a dark purple powder of the polymer in good yield and high purity. Both metal compounds are thermally and air stable and soluble in common chlorinated hydrocarbons and toluene. P1 can cast tough, free-standing thin films from its solution readily. Gel-permeation chromatography on P1 suggests a high-molecular-weight material with the degree of polymerization ~ 22 ( 66 heterocyclic rings in total). The structures were unequivocally characterized using elemental analyses, mass spectrometry, IR and NMR spectroscopies. The rigid-rod nature of P1 was also confirmed by the X-ray crystal structure analysis on M1 (Fig. 1) .
The absorption and emission spectra of L 1 , P1 and M1 were measured in CH 2 Cl 2 solutions at 298 K (Fig. 2) . The absorption of a deep purple solution of P1 is dominated by a strong band peaking at 554 nm, and the polymer exhibits an intense fluorescence band at 680 nm. The absorption and emission properties of M1 are very similar to that of P1, with the absorption maximum at 548 nm. The apparent lack of an energy shift in the electronic transition between M1
and P1 indicates that the lowest singlet excited state is confined to a single repeat unit in the polymer chain. The optical band gap, determined from the onset of absorption, is 1.85 eV for P1.
Due to the presence of a more extended -electron delocalized system throughout the chain and the creation of an alternate D-A chromophore based on a highly electron-accepting resulting in a reduction of the band gap. 44 The measured lifetimes for P1 and M1 are very short and lie in the nanosecond range. Unlike other Pt polyynes, the low-temperature emission for P1 has no vibronic structure and only a weak temperature dependence (Fig. 2c) . Such observations and the small Stokes shift (< 0.40 eV) preclude the emitting state as a triplet but a singlet excited state instead. Again in contrast to Pt polyynes of higher band gaps, 28, 46 we observed no emission from a triplet excited state over the measured spectral window between 1.2 eV and 3.1 eV. This is not surprising and is in accordance with the energy gap law for Pt-containing conjugated polymers, in which the nonradiative decay rate from the triplet state increases exponentially with decreasing triplet-singlet energy gap. 47 There is always a trade-off between the band gap and the rate of phosphorescence in such system. In other words, a high-band-gap polymer with a high triplet state energy will normally favour the observation of triplet emission whereas the low-gap congener will probably not be phosphorescent even at low temperatures. A similar phenomenon has been observed for a low-band-gap Pt polyyne spaced by a thieno-pyrazine unit. 31, 42 Therefore, it is not the triplet state but mostly a charge-transfer excited state that contributes to the efficient photoinduced charge separation in the energy conversion for P1, 31 which is different from the Ptthiophene polyyne based blends where charge separation occurs via triplet state of the polymer. as well as poly(3-octylthiophene-2,5-diyl-co-3-decyloxythiophene-2,5-diyl):PCBM blends. 19 The improved cell performance for 1:4 ratios in MDMO-PPV:PCBM blends was attributed to improved charge transport and improved dissociation efficiency. Consequently, the performance of P1:PCBM cells with 1:4 blend ratio is improved compared to 1:1 ratio.
To investigate reasons for the improved efficiency, the external quantum efficiency (EQE) for solar cells with both active materials has been measured, as shown in Fig. 5a . The cells with P1:PCBM active layer exhibit a higher maximum EQE (87% vs. 67% for P3HT:PCBM) and a wider coverage of the visible spectral range, as expected from the absorption spectrum of the active layer (see inset of Fig. 5a ). Charge transport in P1:PCBM and P3HT:PCBM layers was studied using time-of-flight (TOF) technique and space charge limited current (SCLC) modelling. 9 Experimental results for the electric field dependences of the electron and hole mobilities are shown in Fig. 5b and c. For TOF measurements, drop-casting technique had to be used instead of spin-coating to achieve sufficiently thick films, which involved very slow drying of the film in a solvent saturated atmosphere. As a result, in addition to increased roughness of the films compared to spin-coated films, the slow drying inherent to drop-casting process would also affect the mobility of the films, since it has been shown that slow drying of P3HT:PCBM films results in a significant enhancement of the hole mobility, leading to a more balanced charge transport.
9,52
It can be observed that electron and hole transport is more balanced in P1:PCBM blends, while both blend films exhibit small negative electric field dependence, in agreement with previously reported results for P3HT:PCBM blends.
52
The TOF and SCLC data for P1:PCBM blends give comparable hole and electron mobilities, although mobilities obtained from TOF measurements are lower.
However, TOF measurement yields comparable hole and electron mobility in P3HT:PCBM blends, while SCLC model gives higher electron compared to hole mobility, which would be expected from the blend film composition in agreement with previous results. 53 Thus, the mobilities obtained from SCLC measurements can be considered more representative for describing the performance of solar cells prepared by the same fabrication method (spin-coating). Therefore, P1:PCBM blends exhibit balanced charge transport, as required for efficient solar cell performance, 53 and the mobility values are comparable to those measured in P3HT:PCBM cells with optimal (1:1) blend ratio reported in the literature.
52,53
However, it should be noted that the fill factor of the devices is relatively low, which can be a sign of space charge limited photocurrent.
10,50
The photocurrent dependence on the light intensity for voltages approaching V oc (V 0  V = 0.2 V) shows the slope ~ 3/4, which indicates the possibility of space charge limited device performance. Device performance is also very sensitive to atmosphere (oxygen and moisture) exposure, which likely results in the presence of traps and worsening of fill factor.
Comprehensive study of charge transport and the influence of traps is necessary to further improve the fill factor and device performance.
To investigate in more detail the reasons for excellent performance of P1:PCBM cells, we performed spectroscopic ellipsometry measurements of P1:PCBM and P3HT:PCBM blend films.
The obtained real and imaginary parts of the index of refraction are shown in Fig. 5 d and e. It can be clearly observed that the extinction coefficient of P1:PCBM blend is higher above 550 nm, leading to improved absorption of the solar radiation. Typically, in the design of low-band gap polymer solar cells, the main concerns are the HOMO and LUMO levels of the polymer, 11, 12 and charge transport in the cells. 11 However, the amount of the absorbed light is dependent not only on the cut-off wavelength of the absorption, but also on how intense the absorption is. Therefore, the design of the low-band gap polymers for photovoltaic applications should consider not only lowering the gap but also increasing the absorption coefficient of the polymer.
The performance of the devices with optimal composition and active layer thickness was studied in detail. The JV curves under different excitation powers and the power dependence of the solar cell parameters are shown in Fig. 6 . The short circuit current density exhibits a linear dependence on the optical power, while V oc and FF show some increase and then saturate at higher intensity, which is expected. 26 To test the reproducibility of the results obtained, a large number After stirring at room temperature overnight, the solution mixture was evaporated to dryness. The residue was redissolved in CH 2 Cl 2 and filtered through a short silica column using the same eluent to remove ionic impurities and catalyst residues. After removal of the solvent, the crude product was purified by precipitating it in CH 2 Cl 2 from methanol several times.
Subsequent washing with n-hexane and drying in vacuo gave a dark purple solid of P1 (92.0 mg, 68%).
Solar Cell Fabrication and Characterization
ITO glass substrates (10  1 ) were cleaned by sonication in toluene, acetone, ethanol and deionized water, and dried in an oven. The samples were then cleaned with UV ozone for 300 s. As-received PEDOT:PSS solution was passed through the 0.45 m filter and spin-coated on patterned ITO substrates at 5000 r.p.m. 
